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Article history: Wireless power transfer (WPT) is a technology used to transmit power using 
. air as it medium of transfer. The function of the WPT is similar to a 
Received Sep 21, 2022 transformer. The power provided on the primary side will be transferred 
Revised Dec 16, 2022 through air to the secondary side. The performance of the WPT is crucially 
Accepted Jan 10, 2023 depends on the air gap length (J) that separates primary and secondary side. 
In this paper discusses the performance of WPT using series-to-series 
topology. The performance of the WPT was estimated using finite element 
Keywords: analysis (FEA). During the study, focus was given to effect of turn ratio, a, 
air gap length and capacitor value at primary (Cp), and secondary, (Cs) 
winding to voltage ratio of the WPT. The air gap length was set to 1 and 2 
mm while the capacitors were set depend on the ratio of primary to 
secondary winding capacitor (C,/Cs). The WPT performance also being 
tested under no-load and loaded operation to observed it effect. As a result, 
the WPT with turn ratio, a at 0.37, air gap length at 1 mm and ratio of 
primary to secondary winding capacitor at 0.5 produce the best voltage ratio 
compared to other settings. 
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1. INTRODUCTION 

The rise of transfer energy using wireless technology has been accompanied by a sharp increase in 
the losses in electrical energy. Generally, the wireless power transfer (WPT) is a massive technique for 
transporting electrical energy from a source to a target load, such as consumer devices, without the need for 
conductors [1]. Instead of using conventional conductors, the WPT is capable of transporting energy from the 
power source to the target through the air [2]. Various works have been carried out to analyze, model and 
characterize the performance of the WPT. Some of them are designed and analyzed the WPT for losses 
evaluation using experimental [3]. A few researchers intensively studied the series-to-series technology used 
in the WPT technology. Nevertheless, most of them usually focus on the design optimization of the WPT as 
hybrid vehicles charging method [4]. The power density evaluation is very important to design a portable 
WPT that is small, lightweight but transmit high power. In addition, increased number of coils could 
maximize the delivered voltage to the receiver side of the WPT which could increase power density [5]. 
However, this research only covered WPT with 2 coils design under near-field application [6]. 
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In industrial applications, usage of the WPT has a huge opportunity. However, its feasibility become 
challenging especially when involves in complex industrial operation. In consumer application, for example 
mobile phone, the WPT could solve problem of variation of charging port type from different manufacture. 
Any devices can be charged using the same WPT device as opposed to having a unique charging cord, hence 
reduces losses and resources significantly [7]. Moreover, in the realm of electric vehicles, charging it with a 
wire in public parking lots or at charging stations is the most accessible option for standard charging. 
Conductive charging for EVs has the disadvantage of having thick gauge cables that are difficult to maintain, 
present trip hazards, and are susceptible to vandalism [8], [9]. Therefore, the WPT offer to eliminate these 
concerns, especially in hot environments where the wire used may be severely impacted [10], [11]. 

The WPT used air as it medium to transmit power. Therefore, the performance of the WPT is 
depends on the air gap length that separate two side of the WPT. Usually, the higher air gap length (J) the 
lower power will be transmitted; hence, it is a major factor for the WPT losses [12]. However, by adding a 
capacitor could create a resonance effect that could improve the WPT performance [13], [14]. These two 
crucial aspects will be explored and addressed in this research. The primary issue with WPT is power losses, 
therefore the convenience of not using wires comes at a price. While conduction loss in a conventional 
copper cable connection is not negligible, losses in WPT are significantly more [15], [16]. A large amount of 
alternating current is required to generate a magnetic field strong enough to link two separated coils. As 
known, circulating current in a conducting material result in conduction loss. Consequently, the longer the 
separation distance between the two coils in WPT, the greater the current required to generate an adequate 
magnetic field and the higher the system's losses. 


2. BASIC CONCEPT OF THE WPT 

Currently, the most widely utilized technology for WPT is the inductive coupled WPT (IPT) 
[17]-[24]. The IPT operates at kHz frequency order and is commonly utilized within a few millimeters to a 
few centimeters of the target load. The output power capacity of the IPT is in range of few watt until kilowatt 
depending on transmission efficiency [25]. Magnetic induction is used in IPT, which is a type of near-field 
wireless power transmission. IPT uses the magnetic field as a medium to transmit power. 

The block diagram of a IPT system is as shown in Figure 1. The IPT is energized by using line AC 
power supply. Usually, the frequency of the line AC power supply is in between 50—60 Hz depending on the 
standard being used. To allow the power being transmit wirelessly, the frequency of the AC voltage need to 
be increased up to kHz order. Thus, a power converter will be use for the purpose. The high frequency 
voltage will be feed into primary side winding before it is being transmitted wirelessly to secondary side 
winding through magnetic induction method [18]. The frequency then being reduce by using power converter 
to match with the load requirement. 


Power Primary side Secondary Power 
converter winding side winding converter 
AG A . Electrical 
source Air as load 
M. medium | 


Figure 1. WPT block diagram 


The structure and equivalent circuit of the WPT is as shown in Figure 2. The core shape was choose 
based on the core shape available in the market as shown in Figures 2(a) and (b). The WPT module consists 
of primary coil, Np, and secondary coil, Ns. Power supply is connected to the primary side of the coil, while 
load is connected to the secondary side. The voltage differential between the primary and secondary windings 
is achieved by adjusting the number of coil turns in the primary winding, Np, relative to the number of coil 
turns in the secondary winding, N, [26]. In this research, the winding turn for primary and secondary 
windings were varied by varying the copper wire diameter. The copper wire diameter used are as listed in the 
Table 1. The coil turns and resistance are calculated using (1) and (2). 
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Where N is the coil turns, we is the coil width in m, he is the coil height in m, @, is the copper wire diameter 
in m, € is the winding factor, R is the coil resistance in Q, p is the copper resistivity as 
1.68x10° Om, lave is the average length of the copper wire used in m and dcoi is the cross sectional area of the 
coil. 

The topology used in this research is series-to-series type as depicted in the equivalent circuit as in 
Figure 2(c) where all capacitors are connected in series with the primary and secondary winding. Two factor 
that influence the WPT performance will be investigate which are air gap length (J) and capacitor ratio 
(C,/C,). The air gap length was set to 1 and 2 mm while the capacitor ratio was set to 0.25, 0.50, 0.75, and 
1.00. On top of that, the winding turn for primary and secondary windings were varied too by varying the 
copper wire diameter. The specification of the WPT is as listed in Table 1. 

Once the primary winding is connected a voltage source, it will induce magnetic flux, g. The 
magnetic flux flows inside the yoke from primary to secondary winding through the air gap. Due to magnetic 
flux cuts occurred on the secondary winding, a voltage with produce across the secondary winding terminal. 
The performance of the WPT depends on the air gap length. The lower air gap length set, the lower magnetic 
resistance on the air gap of the WPT, hence increase the magnetic flux (g) induced by primary winding. 


Primary 50 
winding M 
Air gap Core | ana anaes | 
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Figure 2. Basic structure and equivalent circuit of the WPT (unit in mm) (a) side view, (b) top view, and 
(c) equivalent circuit 


Table 1. WPT specification 


Parameters Value Unit 
Core outer dimension 50x32x25 mm 
Air gap length (d) 1-2 mm 
Copper diameter (Oc) 0.3 mm 0.5 
Winding turn (N) 1049 384 
Winding resistance (R) 12.0 Q 1.6 


3. DESIGN OF THE WPT 

Design step of the WPT is as shown in Figure 3. The WPT was designed and simulated under 
unloaded and loaded conditions. There are 2 models of the WPT has been developed which have air gap 
length (J) of 1 mm and 2 mm. Each model of the WPT was set to having different combination of primary, 
Np and secondary coil turn, N, by varying the copper diameter used for the primary (@cp) and secondary, 
(@cs). Due to fixed dimension of coil width, we and height, A., the bigger copper diameter (Øc) used, the 
lesser coil turn obtain. According to the copper diameter (Øc) used for each step, the group of turn ratio, a 
used is as listed in the Table 2. The group is made based on the same number of turns for primary winding. 
For this simulation purposes, the voltage supply used is 5 V, 10 kHz. The open voltage was observed for each 
group of simulation. 

Once the unloaded condition is completed, a 1 kQ pure resistive load is connected on the secondary 
side terminal to simulate the WPT performance under loaded condition. To create resonance effect on the 
secondary side, a capacitor, Cs is connected to the secondary side in series with the resistive load. The 
capacitor on secondary side, Cs is calculated using (3). 


f 


1 


(3) 


2TRloadCs 


Where f is the supply frequency as 10 kHz, Rioaa is the load resistance as 1 kQ and Cs is the capacitor on the 
secondary side in F. 
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Based on the load resistance, Rioaa and supply frequency, f value, the value for the capacitor on the 
secondary side (C;) is 16 nF. According to the capacitor ratio (C)/C,) set earlier, value for capacitor on 
primary side (Cp) is as listed in Table 3. Due to the series-series topology selected to be implement, the 


capacitor on primary side, Cp is also connected in series with the power supply. 


Start 


ô= | mm | ô = 2 mm 
ý 
Pcp = 0.3 mm 
v 
Øes = 0.3 mm + Dep’ = Dep + 0.1 
ý 
Simulation of WPT 
Øe = Data analysis 
End 
Figure 3. Design of the WPT 
Table 2. Turn ratio group 
Case 1 Case 2 Case 3 
Group A Np=1,049 turns N,=1,049 turns N,=1,049 turns 
N,=1,049 turns N,=600 turns N,=348 turns 
a = N,/N, = 1.00 a =N,/N, = 1.75 a=N,/N, = 2.73 
Group B N,,=600 turns N,,=600 turns N,=600 turns 
N,=1,049 turns N,=600 turns N,=384 turns 
a=N,/N, = 0.57 a = N,/ N; = 1.00 a=N,/N, = 1.56 
Group C N,=384 turns N,,=384 turns N,=384 turns 
N,=1,049 turns N,=600 turns N,=384 turns 


a =N,/N, = 0.37 


a=N,/N, = 0.64 


a= N,/N, = 1.00 


Table 3. Value of primary and secondary capacitor 


CYC, Cs (nF) C F) 
0.25 16 4 
0.50 16 8 
0.75 16 12 
1.00 16 16 


4. RESULTS AND DISCUSSION 

Figure 4 shows sample of the primary (Vp) and secondary, (V;) voltage waveform under unloaded 
(Figure 4(a)), loaded without capacitor (Figure 4(b)), and loaded with capacitor (Figure 4(c)) conditions. 
However, only the unloaded and loaded with capacitor conditions were observed further. Based on the 
Figures 4(a)-(c), it is shown that, both primary and secondary voltage produce the similar sinusoidal shape. 
Both primary and secondary voltage were then capture on each different structural and capacitor ratio (C,/C;) 
settings. Then, the peak primary and secondary voltage were acquired and voltage ratio (V,/V;) was then 
calculated and analysed. When the voltage ratio is less 1, it means that the secondary voltage (Vs) produce 
higher value compared to the primary voltage (Vp). On general application, where the secondary voltage is 
aimed to be at least the same as the primary voltage, therefore, the configuration of the WPT that produce 
voltage ratio less than 1 was examined. 
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Figure 4. Sample of the WPT output (a) unloaded, (b) loaded without capacitor, and (c) loaded with capacitor 


4.1. Unloaded condition performance 


Under the unloaded condition, the secondary winding terminal will remain in open circuit. No 
current flows in the secondary winding, thus, the voltage induced at the secondary winding terminal is not 
influence by the load and showing the capacity of the secondary winding to induce the secondary voltage. 
Figure 5 shows the voltage ratio of the WPT under different turn ratio, a and air gap length for unloaded 
condition. Based on the result, it is shows that, the lower air gap length (ô) the lower the voltage ratio, a 
produce, hence higher secondary voltage induced. It is because, the lower air gap length the lower magnetic 
resistance between the primary and secondary core. Therefore, the higher magnetic flux (y) will be induced 
by the primary winding to flows to the secondary winding, thus induced higher voltage at the secondary 
winding terminal. 

For example, under the turn ratio, a of 0.37, the voltage ratio produce are 0.45 and 0.56 for the air 
gap length of 1 mm and 2 mm respectively. Under this case, the primary (Np) and secondary (Ns) windings 
turn are 384 and 1049 respectively. By consideration of the primary voltage (Vp) in this case is 5 V, therefore 
the secondary voltage, (Vs) induce are 11.11 V and 8.93 V for air gap length of 1 mm and 2 mm respectively. 

When the turn ratio, a is increased, the voltage ratio, V,/V; is increased too. It is showing the turn 
ratio, a is direct proportional to the voltage ratio due to similarity of the WPT and a transformer principle. 
However, unlike the transformer, the relationship between the turn ratio, a and the voltage ratio of the WPT 
had influenced by a coefficient that represent by slope of the graph. The slope of the graph or can be 
identified as the slope coefficient, m. is depends on the air gap length of the WPT. The slope coefficient, me 
is equal to 1.24 and 1.44 at the air gap length of 1 mm and 2 mm respectively. It means that, the higher air 


gap length used, the higher slope coefficient, m. produced, hence the lower secondary voltage induced at the 
same turn ratio (a). 
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Figure 5. Voltage ratio (V,/Vs) under different turn ratio, a and air gap length (ò) 


4.2. The effect of the capacitor to the secondary voltage (Vs) 

When the secondary winding is connected to a load, the voltage induced at its terminal might be 
influence by the current flows in the load. Generally, the voltage induced will be slightly lower compared to 
the unloaded condition. However, to improve the voltage induced at the secondary winding terminal, a 
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capacitor will be connected to the load. The capacitor could be connected in series or parallel depending on 
the topology used. Since in this paper, the series-to-series topology was focused, therefore the capacitor is 
connected in series with the load. The load is set to 1 KQ, the secondary capacitor (Cs) is set to 16 nF and the 
primary capacitor, Cp is set based on the capacitor ratio (C,/C;) between 0.25 to 1.00. 

To observe the effect of load and series capacitor to the voltage ratio, the result of relationship 
between the turn ratio, a and voltage ratio is plot according to turn ratio group. Generally, the higher turn 
ratio (a) the higher voltage ratio will be for all turn ratio group. On the other hand, by adding capacitor in 
series with the load, the different of voltage ratio on different air gap length has been reduced. It can be seen 
by observing the slope coefficient, m. whereby it is equal to 1.0 and 1.1 for capacitor ratio of 1.00 at air gap 
length of 1 mm and 2 mm respectively. It can be clearly observed through Figures 6(a)-(f). 

On top of that, the slope coefficient, m. is observing produces different value depending on the 
capacitor ratio. For example, for the group A and B, at the capacitor ratio of 0.25, the slope coefficient, mc are 
about 0.89 and 0.49 respectively at air gap length of 1 mm. For the rest of the slope coefficient, m. for each 
condition is as listed in the Table 4. 
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Figure 6. Relationship between turn ratio, a and voltage ratio (Vp/Vs) at different turn ratio group and air gap 
length, (a) group A d=1 mm, (b) group A 6=2 mm, (c) group B ô=1 mm, (d) group B ô=2 mm, (e) group C 
ô=] mm, and (f) group C ô=2 mm 
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Table 4. Summary of the WPT performance at turn ratio, a of 0.37 


Group Capacitor ratio, Slope coefficient, me 
GICs o=1 mm 6=2 mm 

A 0.25 0.89 0.79 

0.50 0.91 1.03 

1.00 1.00 1.17 

0.50 0.67 0.65 

0.75 0.88 0.78 

1.00 0.90 0.94 

C 0.25 0.68 0.63 

0.50 0.43 0.48 

0.75 0.55 0.50 

1.00 0.61 0.63 


The effect of the capacitors to the voltage ratio (Vp/Vs) of the WPT at specific turn ratio, a is shown 
in Figures 7(a) and (b). Since the target in this research to obtain higher voltage on the secondary winding 
terminal, therefore, the voltage ratio with value less than 1 was focused. By comparing the graph plotted in 
Figures 5 and 7, it is shown that, by adding the capacitor on both sides of the WPT will increased the 
secondary voltage (V;). For example, when there is no capacitor added, at the air gap length and turn ratio (a) 
of 1 mm and | respectively, the voltage ratio is 1.24. However, when capacitors were added on the WPT 
system, at the same settings, the voltage ratio is varied based on the winding turns and capacitor ratio. The 
lowest voltage ratio is 0.43 at winding turns of 600 and capacitor ratio is 0.5. Meanwhile, the highest voltage 
ratio is 1.00 at winding turns of 1,049 and capacitor ratio is 1. Therefore, it is found that, the WPT could 
reach similar or better performance compared to the traditional transformer by adding the capacitors. 

Based on overall of the WPT performance, the lowest voltage ratio is obtained at turn ratio, a of 0.37. 
Table 5 shows comparison the voltage ratio and induced secondary voltage at turn ratio (a) of 0.37 and all 
capacitor ratio used in this research. Based on the result. The highest secondary voltage could be induced by the 
WPT is 33.33 V under air gap length of 1 mm and the capacitor ratio (C,/C;) of 0.5. 
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Figure 7. Effect of capacitors to the voltage ratio (V,/Vs) of the WPT (a) &1 mm and (b) &2 mm 


Table 5. Summary of the WPT performance at turn ratio, a of 0.37 


; Load settings and capacitor Voltage ratio Secondary voltage 
Ar gap length (0) [min] ratio (C/C) WAIA KAN 
1 Unloaded 0.45 11.11 
0.25 0.25 20.00 
0.50 0.15 33.33 
loaded 0.75 0.20 25.00 
1.00 0.22 22.73 
2 Unloaded 0.53 9.43 
0.25 0.35 14.29 
0.50 0.17 29.41 
Loaded 0.75 0.18 27.78 
1.00 0.23 21.74 
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5. CONCLUSION 

The design and performance comparison of the WPT has been discussed. The aim of this research is 
to design the WPT hence induce highest as possible secondary voltage The design settings were considered 
are the air gap length, turn ratio, a and capacitor ratio were varied. The air gap length was as 1 mm and 2 
mm, the turn ratio, a was varied according to copper diameter side used and the capacitor ratio was set to 
0.25, 0.50, 0.75, and 1.00. The output of the WPT was observed under 2 operation criteria which are 
unloaded and loaded condition. Based on the result, it is shows that, the capacitor could increase the voltage 
induced by the secondary windings. The best voltage ratio was obtained under 1 mm and 0.50 the air gap 
length and the capacitor ratio. The voltage ratio produce under the settings was 0.15. By considering the 
primary voltage is 5 V, the secondary voltage is estimated at 33.33 V. 
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